ABSTRACT Cell-cell contact formation following cadherin engagement requires actomyosin contraction along the periphery of cell-cell contact. The molecular mechanisms that regulate myosin activation during this process are not clear. In this paper, we show that two polarity proteins, partitioning defective 3 homologue (Par3) and mammalian homologues of Drosophila Lethal (2) Giant Larvae (Lgl1/2), antagonize each other in modulating myosin II activation during cell-cell contact formation in Madin-Darby canine kidney cells. While overexpression of Lgl1/2 or depletion of endogenous Par3 leads to enhanced myosin II activation, knockdown of Lgl1/2 does the opposite. Intriguingly, altering the counteraction between Par3 and Lgl1/2 induces cell-cell internalization during early cell-cell contact formation, which involves active invasion of the lateral cell-cell contact underneath the apical-junctional complexes and requires activation of the Rho-Rho-associated, coiled-coil containing protein kinase (ROCK)-myosin pathway. This is followed by predominantly nonapoptotic cell-in-cell death of the internalized cells and frequent aneuploidy of the host cells. Such effects are reminiscent of entosis, a recently described process observed when mammary gland epithelial cells were cultured in suspension. We propose that entosis could occur without matrix detachment and that overactivation of myosin or unbalanced myosin activation between contacting cells may be the driving force for entosis in epithelial cells.
INTRODUCTION
Cell-cell contact formation is initiated by the contact of exploratory membrane protrusions, which is followed by the formation of cadherin clusters through homophilic cadherin interactions (Adams et al., 1998; Nakagawa et al., 2001; Ehrlich et al., 2002; Vaezi et al., 2002; Yamada and Nelson, 2007) . Cadherin engagement then triggers actin cytoskeleton rearrangement Vasioukhin et al., 2000; Hansen et al., 2002; Kovacs et al., 2002; Green et al., 2010) . Subsequently, actin polymerization and myosin II-driven contraction of actin bundles along the peripheral cell cortex of cadherin clusters lead to cell-cell contact expansion Ivanov et al., 2004 Ivanov et al., , 2005 Shewan et al., 2005; Zhang et al., 2005; Yamada and Nelson, 2007; Cavey et al., 2008) . The intricacies of the molecular mechanisms that modulate actomyosin contraction during cell-cell contact formation are poorly understood.
Monitoring Editor
Alpha Yap University of Queensland of fixed Venus-Lgl2 cells with anti-β-catenin antibody indicated that those structures were also surrounded by β-catenin ( Figure 1B) . It is possible that the observed phenomenon is caused by one cell sitting on top of or being wrapped by the protrusions of another cell. Alternatively, it could also reflect one cell being internalized by another-a cell-in-cell structure. To explore these possibilities, we performed confocal three-dimensional reconstruction of Venus-Lgl2 cells stained with anti-β-catenin antibody ( Figure 1C) . Clearly, cells with brighter Venus-Lgl2/β-catenin signals are inside other cells, suggesting cell-cell internalization. To determine whether there was complete cell internalization, we performed cell surface biotinylation analysis. Indeed, many Venus-Lgl2-surrounded cells were protected from biotin labeling, suggesting complete internalization ( Figure 1D ).
We noticed that Venus-Lgl2-induced cell-cell internalization appeared to happen more frequently between two contacting cells during the early stages after cells were plated on substrate. To quantitate such events, we seeded the cells at a density that favored paired cell-cell contact and monitored the progress of cell-cell internalization. Such an assay is referred as a "paired analysis." We counted those paired cells that exhibited more than half of one cell body to be inside the other as internalizing cells, and those that showed one continuous Venus-Lgl2/β-catenin circle residing in another as completely internalized cells. As shown in Figure 1E , the cell-cell internalization between paired Venus-Lgl2 cells started as early as 2 h after plating, peaked at 6-8 h, and gradually dropped thereafter, suggesting that such cell-cell internalization involves early cell-cell contact formation. We performed identical paired analysis for parental MDCK T23 cells and MDCK II cells. While <20% of paired control cells appeared to be internalizing each other, complete internalization was rarely observed ( Figure 1E ). A similar degree of cell-cell internalization was observed in multiple independent Venus-Lgl2 cell lines; most importantly, when VenusLgl2 cells were cultured in the presence of doxycycline (+Dox) to suppress the ectopic expression of Venus-Lgl2, the internalization rates were inhibited to control levels ( Figure 1E ), indicating that the observed cell-cell internalization was caused by ectopic expression of Venus-Lgl2.
When cells were seeded at a high density, we were not able to quantitate incomplete internalization, because one cell was usually in contact with multiple cells, and cell-cell contacts appeared to be constantly remodeling. However, at 6-8 h after plating, ∼5-7% (5.5 ± 0.6% at 6 h; 7.2 ± 1.1% at 8 h, n = 2000) of the cells appeared to be completely internalized by other cells (Supplemental Figure  S1A ). This internalization rate was gradually reduced to ∼3% (3.1 ± 0.6%) at 12 h, when some of the internalized cells started to be surrounded by large vacuoles (described in the following section). Complete cell-cell internalization was not observed when control MDCK cells or Venus-Lgl2 cells cultured in the presence of doxycycline were plated at high cell density (unpublished data).
Cell-cell internalization was also observed in stable cell lines overexpressing Lgl1 ( Figure S1 , B and C), the other mammalian homologue of Lgl, suggesting that this is a common feature for the Lgl family of proteins. Furthermore, we could reproduce Lgl-induced cell-cell internalization by transiently overexpressing Lgl2 in MDCK cells ( Figure S3 ).
We performed live-cell, time-lapse analysis of paired VenusLgl2 cells after they were plated on culture dishes. As shown in Figure 1F and Supplemental Movie S1, cell-cell internalization appeared to be achieved by active invasion of one cell starting at the cell-cell contact region, and complete internalization could occur within 1 h.
Following initial cell-cell contact formation, polarized epithelial cells specify cell contact regions into apical and basal-lateral domains through groups of evolutionarily conserved proteins that are called polarity proteins. These include the apical-junctional partitioning defective 3 homologue/partitioning defective 6 homologue/ atypical protein kinase C (Par3/Par6/aPKC) and Crumbs3/Pals1/Patj and the basal-lateral Scribble/Lgl/Dlg complexes (Macara, 2004; Martin-Belmonte and Mostov, 2008) . These core polarity complexes do not function independently, but interact with one another in establishing and maintaining cell polarization (Macara, 2004) . Par3, Lgl (Lgl1 and Lgl2 in mammals), and Pals1 all bind directly to Par6 (Joberty et al., 2000; Lin et al., 2000; Betschinger et al., 2003; Hurd et al., 2003; Plant et al., 2003; Yamanaka et al., 2003) . Like Par3, Lgl interacts with and is phosphorylated by aPKC (Izumi et al., 1998; Joberty et al., 2000; Lin et al., 2000; Betschinger et al., 2003; Yamanaka et al., 2003) . The binding of Par3 and Lgl to Par6 appears to be mutually exclusive (Plant et al., 2003; Yamanaka et al., 2003 Yamanaka et al., , 2006 . It is not known whether these polarity proteins are also involved in regulating early cell-cell contact formation.
Cell-in-cell structures, in which an intact cell resides in another host cell, have been described for decades and are commonly observed in different types of tumors (Overholtzer and Brugge, 2008) . Molecular mechanisms underlying the formation of cell-in-cell structures are poorly understood. Entosis is a recently described process that accounts for homotypic cell-in-cell structures-the target cell is internalized by a host cell of the same type (Overholtzer et al., 2007) . This process was observed in a limited number of normal and tumor epithelial cell lines grown exclusively in suspension. It was originally proposed as a tumor-suppressive mechanism, because entosis frequently results in the death of internalized target cells in a nonapoptotic pathway (Overholtzer et al., 2007) . More recently, entosis was described as a nongenetic means of generating aneuploidy, which is caused by frequent cytokinesis defects in the host cells (Krajcovic et al., 2011) . Entosis appears to require cadherinmediated cell-cell adhesion and the activation of the Rho-Rho-associated, coiled-coil containing protein kinase (ROCK)-myosin II pathway (Overholtzer et al., 2007) . Whether entosis could occur under adhesive culture conditions and what could drive entosis are not clear.
In this paper, we show that entosis can be effectively induced under adhesive culture conditions in Madin-Darby canine kidney (MDCK) cells. We identified Lgl and Par3 as critical, antagonistic regulators of actomyosin contractility during early stages of cell-cell contact formation.
RESULTS

Overexpression of Lgl led to cell-cell internalization in MDCK cells
To study the function of mammalian Lgl, we established stable TetOff MDCK cell lines expressing N-terminally Venus-tagged human Lgl2. As previously reported (Musch et al., 2002; Yamanaka et al., 2003) , ectopically expressed Venus-Lgl2 localizes predominantly to the cell membrane in unpolarized cells and is restricted to the lateral cell-cell contact in polarized confluent cells ( Figure 1A ). Interestingly, when monitoring live cells under a fluorescence microscope, we frequently observed a bright, circled Venus-Lgl2 signal that appeared to be contained in a cell ( Figure 1A ). This was seen when cells were seeded at high density, but more frequently when cells were plated sparsely ( Figure 1A ). Differential interference contrast (DIC) imaging revealed that the Venus-Lgl2-surrounded structures appeared to contain nuclei. This was confirmed by DNA staining, suggesting that they were intact cells ( Figure 1A ). Immunostaining vacuole disappeared in the host cells. A typical example of this process is shown in Figure 2A and Movie S2. We have also performed transmission electron microscopy (TEM) analysis of such cell-in-cell death, which clearly indicated nuclear disintegration inside the vacuoles ( Figure 2B ).
To test whether the internalized cells died through apoptosis, we stained the cells for the presence of cleaved caspase 3, a hallmark of apoptotic cell death. Interestingly, only 25% of internalized cells that exhibited nuclear disintegration were positive for cleaved caspase 3 (Figure 2 , C and D), suggesting that the majority of the internalized cells were dying through a nonapoptotic pathway. The percentage
Fate of internalized cells and host cells
Although the rate of cell-cell internalization between paired Venus-Lgl2 cells was high at 6-8 h after they were plated on substrate, the rate reduced gradually after 8 h. Time-lapse analysis indicated that many internalized cells were released, probably due to cell movement on the substrate, contact with other cells, and the division of host or internalized cells (unpublished data). At 12 h after plating, some of the internalized cells appeared to be surrounded by large vacuoles that gradually shrank. This was accompanied by nuclear disintegration inside the vacuole and diffusion and reduction of the Venus-Lgl2 signal. Eventually, the of cleaved caspase 3-positive, dying cells could be further reduced by treating the cells with ZVAD-FMK, a caspase inhibitor ( Figure 2D ). Remarkably, when we treated the cells with an autophagic/lysosomal inhibitor, 3-methyladenine (3-MA), more than 80% of internalized dying cells were positive for cleaved caspase 3 staining ( Figure  2D ), suggesting a switch from nonapoptotic to apoptotic cell death.
As for the host cells or the invaded cells, an interesting observation is that many of them were binucleated at 12 and 16 h after plating on substrate (Figure 2, E and F) . Time-lapse analysis suggest that if the host cell started cell division before digesting the internalized target cell, the internalized cell might affect cleavage furrow ingression and prevent the completion of cytokinesis of the host cell (Movie S3).
Entosis without matrix detachment
The interesting effects we observed in Venus-Lgl2-expressing MDCK cells, such as homotypic cell-cell internalization, predominantly nonapoptotic cell-in-cell death of the internalized cells, and binucleation of the host cells, are reminiscent of a recently described phenomenon called "entosis," which was first observed when mammary gland epithelial cells were cultured in suspension (Overholtzer et al., 2007; Krajcovic et al., 2011) .
It is proposed that entosis requires cell detachment from the matrix (Florey et al., 2010) . One possible explanation for Venus-Lgl2-induced cell-cell internalization would be that overexpression of Lgl2 affected cell attachment to the substrate. On contact with the substrate, cell spreading and the formation of lamellipodia appeared normal for cells overexpressing Venus-Lgl2 ( Figure 1A ). We compared focal adhesion formation between control and VenusLgl2-expressing cells after they were plated on coverglass, and we could not detect an obvious difference in the number or size of focal adhesions ( Figure 3 , A-C). When active entosis was happening between paired Venus-Lgl2 cells, the host cell still attached to the substratum and formed normal focal adhesions ( Figure 3C ). Importantly, when control MDCK cells were cultured in suspension, we did not observe enhanced cell-cell internalization ( Figure 3D ), suggesting that nonadhesive culturing condition is not sufficient to induce significant entosis in normal MDCK cells and that Lgl-induced entosis is independent of matrix detachment.
Venus-Lgl2-induced entosis involves invasion of lateral cell-cell contacts underneath the apical-junctional complexes
It appears that overexpression of Lgl had a dramatic impact on early stages of cell-cell contact formation. We compared the distribution of actin filaments and adherens and tight junction proteins between paired control and Venus-Lgl2 cells. Actin filaments were concentrated in the cell-cell contact region, as well as in the peripheral cell cortex, in contacting control cells ( Figure S2A ). In paired internalizing Venus-Lgl2 cells, actin filaments appeared to be enriched at the front of invading cells, where Venus-Lgl2 was also concentrated ( Figure S2A ). Similar to β-catenin, E-cadherin and Scribble were enriched at cell-cell contacts in control cells and colocalized with Venus-Lgl2 in internalizing Venus-Lgl2 cells ( Figure S2 , B and C). At 6 h after cell seeding, the apical-junctional proteins ZO-1, Par3 and aPKC were already accumulated at the apical regions of the cell-cell contact, which could be revealed by three-dimensional reconstitution of Z-stack confocal images ( Figure 4 , A-C, and Movies S4-S6). Interestingly, in paired Venus-Lgl2 cells, although these apical-junctional proteins were still apically localized, their size appeared to change as cell-cell internalization progressed, and they were frequently seen as an apical ring-like structure surrounding the trailing tail of invading cells (Figure 4 , A-C). These results suggest that Venus-Lgl2 does not affect the overall polarization of cell-cell contact and that cell-cell internalization appears to involve the expansion and invasion of the contacting lateral membrane underneath the apicaljunctional complexes.
If the expansion and invasion of the lateral cell-cell contact were the cause of Venus-Lgl2-induced cell-cell internalization, we would expect that the invasion front of internalizing cells or the completely internalized cells would be surrounded by double membranes from both the host and the invading cells. The fact that actin, β-catenin, and E-cadherin were all seen concentrated along the invasion front of internalizing cells and around the completely internalized cells supports our hypothesis. However, those immunostainings could not distinguish the contacting membranes of different cells. To definitively test our hypothesis, we transiently transfected plasmids expressing Venus-Lgl2 or monomeric red fluorescent protein (mRFP)-Lgl2 into MDCK cells, respectively. The transfected cells were then mixed and plated at low cell density for the paired analysis, as described. Confocal microscopy analysis of internalizing paired VenusLgl2/mRFP-Lgl2 cells indicated that the internalized cells were indeed surrounded by both Venus-Lgl2 and mRFP-Lgl2 ( Figure S3A ), suggesting a double-membrane structure.
Since E-cadherin was concentrated between the double membranes of completely internalized cells, we reasoned that this portion of E-cadherin should be protected from degradation by extracellular proteases. Using surface trypsin sensitivity assay, we found that a significant fraction of E-cadherin was protected from trypsin digestion in Venus-Lgl2 cells when calcium was chelated ( Figure S3B ), further demonstrating that those cells were indeed completely internalized and remained in contact with membranes from the host cells.
Venus-Lgl2-induced entosis requires activation of the Rho-ROCK-myosin II pathway
Entosis appears to rely on the Rho-ROCK-myosin II pathway (Overholtzer et al., 2007) . To test whether Lgl-induced cell-cell internalization is mediated through a similar mechanism, we utilized pharmacological approaches to specifically block individual components of the pathway and investigated their effects on Lgl2-induced cell-cell internalization using paired analysis. Indeed, blocking Rho activation by membrane-permeable C3 toxin (CT04), ROCK activity by Y27632 or H-1152, or myosin II activity by blebbistatin all resulted in dramatic inhibition of Venus-Lgl2-induced cell-cell internalization ( Figures 5A and S4 ). On the other hand, treatment with the myosin light chain kinase inhibitor ML-7 led to partial inhibition of Venus-Lgl2-induced cell-cell internalization ( Figure 5A ), suggesting that the Rho-ROCK-myosin II cascade plays a major role in mediating the effects of Venus-Lgl2.
Overexpression of Venus-Lgl2 leads to enhanced myosin II activation during cell-cell contact formation
Because Venus-Lgl2-induced cell-cell internalization requires activation of the Rho-ROCK-myosin II pathway ( Figure 5A ), we first asked whether RhoA activation was altered. However, we could not reproducibly detect changes in RhoA activation using Rho-GTP pulldown assays from control and Venus-Lgl2 cell lysates (unpublished data). As myosin II activation requires phosphorylation of the myosin regulatory light chain 2 (MLC2), which could be mediated by ROCK (Vicente-Manzanares et al., 2009) , we then compared the phosphorylation status of MLC2 between control and Venus-Lgl2 cells at 6 h contact regions ( Figure 5G ). We conclude that overexpression of Venus-Lgl2 leads to enhanced MLC2 phosphorylation at the peripheral cell cortex of contacting MDCK cells.
Venus-Lgl2-expressing cells preferentially invade control cells
To more directly and precisely reveal the effect of overexpressed Lgl2 on myosin activation, we performed "mix and replate" experiments. Control MDCK T23 and Venus-Lgl2 cells were mixed at a 1:1 ratio, plated at low density on coverglasses, and fixed and stained with anti-pMLC2(S19) antibody at 6 h after plating. Quantitation of the peripheral pMLC2(S19) fluorescence intensity indicated that Venus-Lgl2 cells had twice as much (2.25 ± 0.06, n = 50) pMLC2(S19) signal than control cells ( Figure 6A ). Interestingly, after cell seeding. Remarkably, while the total protein levels of MLC2 were identical in control, Venus-Lgl2(+Dox), and Venus-Lgl2(−Dox) cells, the amount of Ser-19-phosphorylated MLC2 (pMLC2(S19)) was almost doubled in Venus-Lgl2(−Dox) cells ( Figure 5 , B and C). Similar results were obtained when a pMLC2(T18, S19)-specific antibody was used (unpublished data). Consistent with the Western blot analysis, we observed significantly enhanced pMLC2(S19) immunostaining at the peripheral cell cortex in Venus-Lgl2-expressing cells, compared with control cells (Figure 5, D and E) . The total MLC2 immunostaining was not obviously different ( Figure 5F ). The strong peripheral pMLC2(S19) staining was observed throughout all stages of cell-cell internalization ( Figure 5G ). Interestingly, although Venus-Lgl2 seems to be more concentrated at cell-cell contacts, no obvious increase of pMLC2(S19) signal was observed at cell-cell when performing the mix and replate experiments, we noticed that a high percentage of paired control and Venus-Lgl2 cells exhibited cell-cell internalization. We repeated such experiments for paired cell-cell internalization analysis and stained the cells with anti-β-catenin antibody ( Figure 6B ). Consistent with previous results ( Figure 1E ), ∼20% (19.9 ± 1.2, n = 200) of paired control cells and 60% (61.0 ± 2.0, n = 200) of paired Venus-Lgl2 cells showed cellcell internalization ( Figure 6C ). Remarkably, nearly 90% (86.0 ± 3.5, n = 200) of paired control/Venus-Lgl2 cells were internalizing each other ( Figure 6C ). Interestingly, among those internalizing paired control/Venus-Lgl2 cells, 93% exhibited the Venus-Lgl2 cell invading the control cell ( Figure 6 , B and C). As Venus-Lgl2 cells have higher pMLC2 levels, and hence higher myosin II activity, these results suggest unbalanced myosin II activation between contacting cells may lead to entosis and cells with higher myosin II activity may preferentially invade contacting cells with lower myosin II activity.
Endogenous Lgl is required for myosin II activation during cell-cell contact formation Although overexpression of Lgl had a significant effect on myosin II activation, it is not known whether endogenous Lgl plays a role in modulating myosin II activity. We then knocked down endogenous Lgl1 and Lgl2 by expressing short hairpin RNAs (shRNAs) specific for canine Lgl1 and Lgl2, as previously described (Yamanaka et al., 2006) . The knockdown (KD) efficiency was confirmed by Western blot and immunostaining analysis ( Figure S5 ). Control KD and Lgl1/2 double KD cells were then replated on a culture dish at low density, and the pMLC2(S19) level was compared at 6 h after plating, as we did for Venus-Lgl2 cells. Remarkably, while the total MLC2 level was similar between control and Lgl1/2 KD cells, a significant reduction of pMLC2 (S19) level was observed in Lgl1/2 double KD cells using Western blot analysis (Figure 7, A and B) . Immunostaining analysis also revealed an obvious reduction of pMLC2 (S19) signal in Lgl1/2 KD cells, especially when comparing contacting control cells (green fluorescent protein [GFP]-negative) and Lgl1/2 KD cells (GFP-positive; Figure 7 , C and D). These results demonstrate that endogenous Lgl1/2 is required for myosin activation during early cell-cell contact formation.
Entosis between control cells and Lgl1/2 KD cells
Next we performed the paired cell-cell internalization assay for Lgl1/2 KD cells. Interestingly, no obvious cell-cell internalization was observed between paired Lgl1/2 KD cells. However, in a limited number of paired GFP-positive Lgl1/2 KD and GFP-negative nontransfected control cells, cell-cell internalization was frequently observed. To confirm this result, we performed mix and replate experiments using Lgl1/2 KD cells (GFP-positive) and pure control cells (GFP-negative). Indeed, while < 20% of paired control/ control (18.6 ± 1.2, n = 200) and Lgl1/2 KD/Lgl1/2 KD (15.6 ± 1.6, n = 200) cells were positive for cell-cell internalization, close to 60% (57.5 ± 2.7, n = 200) of paired Lgl1/2 KD/control cells were internalizing each other (Figure 7 , E and F). Interestingly, among those internalizing paired Lgl1/2 KD/control cells, 87.6% showed GFP-negative control cells were internalized by GFP-positive Lgl1/2 KD cells (Figure 7, E and F) . Because control cells have higher myosin activity than Lgl1/2 KD cells (Figure 7, A and B) , these results further confirmed our hypothesis that cells with higher myosin activity preferentially invade cells with lower myosin activity. Most importantly, these results indicate that the endogenous level of myosin activity is sufficient for driving entosis if the contacting cell has lower myosin activation. 
Depletion of Par3 leads to enhanced myosin II activation and entosis without matrix detachment
The paired analysis allowed us to further study the mechanisms underlying Lgl-induced cell-cell internalization. As previous studies suggested that mammalian Lgl counteracts Par3 function in regulating tight junction assembly (Plant et al., 2003; Yamanaka et al., 2003 Yamanaka et al., , 2006 , we tested Par3 KD cells we generated recently (Hao et al., 2010) . Interestingly, stable depletion of endogenous Par3 also led to dramatic entosis during early stages of cell-cell contact formation, very similar to Venus-Lgl2 overexpression (Figures 8, A and B , and S6A). The apical-junctional proteins ZO-1 and aPKC also marked the invasion sites between paired internalizing Par3 KD cells ( Figure  S6, B and C) . The cell-cell internalization between Par3-depleted cells was also blocked by Rho, ROCK, and myosin II inhibition, and partially by myosin light chain kinase (MLCK) inhibition ( Figure 8C ). The completely internalized cells also underwent predominantly nonapoptotic cell death (unpublished data). Importantly, Par3 depletion also led to enhanced MLC2 phosphorylation, while the total MLC2 level was not altered (Figures 8, D and E, and S6, D and E). The effects of Par3 depletion on cell-cell contact and MLC phosphorylation were observed in multiple Par3-stable KD cell lines expressing different shRNAs against distinct regions of Par3. Most importantly, they could be rescued by reexpressing shRNA-resistant human Par3 (Figures 8, B , D, and E, and S6, D and E), indicating that they were attributed to Par3 depletion. Again, we performed mix and replate experiments for control and Par3 KD cells. Dramatic cell-cell internalization was observed between paired control/Par3 KD cells and, like Venus-Lgl2 cells, Par3 KD cells were predominantly found to be internalized by control cells ( Figure 8F ). Thus depletion of Par3 phenocopies the effects of Lgl overexpression on early stages of cell-cell contact formation.
Lgl and Par3 antagonize each other in regulating cell-cell contact formation
We have shown that both overexpression of Lgl and depletion of Par3 led to enhanced myosin II activation during early stages of cell-cell contact formation. Previous studies have suggested that Lgl and Par3 may functionally compete with each other in association with the Par6/aPKC complex. In Lgl1/2-depleted MDCK cells, a significant increase of Par3 in the Par6/aPKC complex was observed (Yamanaka et al., 2006) . Consistently, we observed a dramatic reduction of endogenous Par3 in the immunoprecipitated proteins associated with Par6 in Venus-Lgl2-overexpressing cells, while the association between endogenous aPKC and Par6 was not affected ( Figure 9A ). If Par3 and Lgl are functionally antagonizing each other during cell-cell contact formation, we would expect that overexpression of Par3 in Venus-Lgl2 cells or knocking down Lgl1/2 in Par3-depleted cells should inhibit the effects of Lgl overexpression and Par3 depletion, respectively. We used the paired cell-cell internalization assay to test our hypothesis. Indeed, overexpression of Par3 inhibited Venus-Lgl2-induced cell-cell internalization ( Figure 9B ) and KD of Lgl1/2 blocked cell-cell internalization between Par3-depleted cells ( Figure 9C ). We conclude that 
DISCUSSION
Previous studies revealed that actomyosin contraction along the peripheral cell cortex drives cell-cell contact expansion Ivanov et al., 2004 Ivanov et al., , 2005 Shewan et al., 2005; Yamada and Nelson, 2007; Cavey and Lecuit, 2009) . We have now identified Par3 and Lgl1/2 as critical players in modulating actomyosin contraction during early stages of cell-cell contact formation. Par3 and Lgl1/2 appear to exert opposing effect on myosin activation: while depletion of Par3 leads to enhanced myosin activation, knockdown of Lgl1/2 results in the opposite. It is noteworthy that while MLC2 phosphorylation was significantly enhanced at the peripheral cell cortex in contacting cells overexpressing Venus-Lgl2 or depleted of Par3, such enhancement was not observed at the cell-cell contacts, suggesting the existence of dominant inhibitory mechanisms for myosin II activation at this region, as was proposed previously (Wildenberg et al., 2006; Yamada and Nelson, 2007) . Although endogenous Par3 and Lgl1/2 seem to be more concentrated at cellcell contacts, their effects on myosin activation appear to occur across the peripheral cell cortex. Par3 has been recently shown to associate with the plasma membrane through direct interaction with membrane-bound lipids (Krahn et al., 2010) . Lgl is also considered a membrane-associated protein, although the mechanism for its membrane targeting is not known (Vasioukhin, 2006) . We propose that endogenous Par3 and Lgl1/2 may regulate myosin activation at the peripheral cell cortex, rather than at the cell-cell contact region, during early stage of cell-cell contact formation ( Figure 9D) . Surprisingly, overexpression of Lgl and depletion of Par3 both led to entosis-the formation of cell-in-cell structures. The cellcell internalization we observed in MDCK cells has all the characteristics described for entosis, such as the dependence on Rho, ROCK, and myosin activities; the resulting nonapoptotic cell-incell death of the target cells; and the frequent aneuploidy of the host cells. So far, the only known inducer of entosis is matrix detachment in culture (Florey et al., 2010) . Our study indicates that entosis could happen without matrix detachment, especially during early stages of cell-cell contact formation, suggesting that it could be a more general phenomenon when cell-cell contacts are compromised. Under adhesive culturing conditions, simple epithelial cells specify cell-cell contacts into apical and basal-lateral domains shortly after cadherin engagement. We show that entosis induced by Lgl and Par3 involves active invasion of the lateral membrane underneath the apical-junctional complexes (Figures 4 and S6) , probably due to uncontrolled expansion of the lateral cell-cell contacts driven by enhanced actomyosin contraction along the peripheral cell cortex. The induced entosis under adhesive culturing conditions will allow us to follow the fate of affected cells for long periods of time, which is usually not possible for cells cultured in suspension. It will also make it easier for us to explore the biological relevance and the underlying molecular mechanisms of such a fascinating phenomenon, which was described more than a century ago (Overholtzer and Brugge, 2008) .
One important finding of our study is that while myosin II activation is required for cell-cell contact expansion, this activation must be carefully controlled for normal cell-cell contact formation. Overactivation of myosin II will disrupt normal cell-cell contact formation and lead to entosis, for example, when Lgl is overexpressed or Par3 is depleted ( Figure 9D) . A more intriguing finding is that the activities of myosin II in two contacting cells need to be balanced for normal cell-cell contact formation. Unbalanced myosin II activation between two contacting cells, such as paired control/Venus-Lgl2, control/Par3 KD, and control/Lgl1/2 KD cells, will also result in entosis ( Figure 9D ). Heterogeneity is often observed in cultured normal and tumor cell lines, which may lead to differences in myosin II activation within the individual cells. We hypothesize that such unbalanced myosin II activation may be a major driving force for entosis in epithelial cells.
How do Lgl and Par3 modulate myosin II activation? Drosophila Lgl has been shown to physically interact with myosin and negatively regulate myosin activity (Strand et al., 1994) . This inhibitory effect of Lgl on myosin has been proposed as underlying the function of Lgl in regulating cell polarization and asymmetric cell division of neuroblasts (Barros et al., 2003) , although such a notion has been challenged by a recent study showing that the function of Lgl in neuroblasts is instead through inhibition of aPKC (Atwood and Prehoda, 2009 ). Our results indicate that mammalian Lgl positively regulates myosin II activation during cell-cell contact formation, which is opposite to what was proposed for Drosophila. We were not able to detect an association of Lgl with myosin II or MLC2, even in cells overexpressing Venus-Lgl2 (unpublished data), suggesting that the effect of Lgl on myosin may be indirect in our system.
Because both Par3 and Lgl physically interact and form a complex with Par6 and aPKC, albeit in a mutually exclusive manner (Plant et al., 2003; Yamanaka et al., 2003 Yamanaka et al., , 2006 , the antagonistic function of Par3 and Lgl on myosin activation may be mediated through Par6 and/or aPKC ( Figure 9D ). There are several potential ways by which Par6/ aPKC could modulate the Rho-ROCK-myosin pathway. In cultured hippocampal neurons, Par6 and aPKC have been shown to regulate Rho activation and affect spine morphogenesis (Zhang and Macara, 2008) . Although we could not reproducibly detect changes in Rho activation in cells overexpressing Lgl or depleted of Par3, we could not rule out the possibility of technique issues. Nonetheless, blocking Rho activation inhibited entosis induced by Lgl overexpression or Par3 depletion (Figures 5A and 8C) . In polarized epithelial cells, aPKC was proposed as an antagonist of myosin II-driven centripetal contraction of the circumferential actin cables (Kishikawa et al., 2008) . Recently it was shown that aPKC could phosphorylate ROCK and regulate its localization at cell-cell junctions (Ishiuchi and Takeichi, 2011) , suggesting a direct role of aPKC in myosin activation.
This simple paired cell-cell internalization assay will be useful for further determining the molecular mechanisms by which Lgl and Par3 regulate myosin II activation. Although we are currently focusing on early stages of cell-cell contact formation, such mechanisms could also play critical roles during later stages of cell polarization and epithelial morphogenesis, in which the importance of Par3 and Lgl has been well documented. Venus-Lgl2 cells transfected with pK-mRFP or pK-mRFP-Par3 expression plasmids. Twenty-four hours after transfection, cells were subjected to paired analysis and fixed at 6 h after replating. Only paired cells that expressed mRFP or mRFP-Par3 were counted. Cell-cell internalization was defined by Venus-Lgl2 signal. Data were from three independent experiments. Error bars indicate SD values. (C) Knockdown of Lgl1/2 inhibits cell-cell internalization induced by Par3 depletion. Stable Par3 KD cells were cotransfected with pSuper-Lgl1, pSuper-Lgl2, and mRFP (5:5:1 ratio). Forty-eight hours after transfection, cells were subjected to paired analysis, fixed at 6 h after plating, and stained with anti-β-catenin antibody. Only contacting paired cells that both expressed mRFP were counted. Data were from three independent experiments. Error bars indicate SD values. (D) Working model. We propose that Par3 and Lgl1/2 antagonize each other in modulating myosin II activation along the peripheral cell cortex of contacting cells, through the Rho-ROCK pathway. The antagonistic effect between Par3 and Lgl1/2 is probably mediated through competitive binding of the Par6/aPKC complex. Balanced myosin II activation is critical for normal cell-cell contact formation and expansion (a). Overactivation of myosin II will lead to entosis, for example, when Lgl is overexpressed or Par3 is depleted (b). Unbalanced myosin II activation between two contacting cells, such as paired control/Venus-Lgl2, control/Par3 KD, and control/Lgl1/2 KD cells, will also result in entosis (c). Myosin II activity is reflected by the intensity of pMLC signal (red).
MATERIALS AND METHODS Reagents
Monoclonal mouse anti-Lgl1 antibody was a kind gift from Patrick Brennwald (University of North Carolina). Rabbit anti-Lgl2 antibody was generated using recombinant glutathione S-transferase fusion protein of the C-terminal 90 amino acids of human Lgl2. The following antibodies were also used: monoclonal mouse anti-α-tubulin (Sigma-Aldrich, St. Louis, MO), anti-ZO-1 (Zymed; Invitrogen, Carlsbad, CA), anti-β-catenin (BD Biosciences, San Jose, CA), anti-Ecadherin (BD Biosciences), anti-Scribble (Santa Cruz Biotechnology, Santa Cruz, CA), anti-pMLC2 (S19; Cell Signaling Technology, Danvers, MA); monoclonal rat anti-E-cadherin (Santa Cruz Biotechnology); polyclonal rabbit anti-aPKC (Santa Cruz Biotechnology), anti-Par6B (Santa Cruz Biotechnology), anti-pMLC2 (T18S19; Cell Signaling Technology), anti-Par3 (Millipore, Billerica, MA), anti-MLC2 (Cell Signaling Technology); secondary Alexa Fluor 488, 594, and 680 (Invitrogen, Carlsbad, CA) and IRDye800 (Rockland Immunochemicals, Gilbertsville, PA) conjugated goat anti-mouse or rabbit antibodies. Hoechst 33342 (Invitrogen) was used for DNA staining and rhodamine-conjugated phalloidin (Invitrogen) was used to visualize filamentous actin. Pharmacological inhibitors used were: membrane-permeable Rho inhibitor (CT04; Cytoskeleton, Denver, CO), ROCK inhibitor Y-26732 and H-1152 (EMD; Millipore, Billerica, MA), MLCK inhibitor (ML-7; EMD; Millipore), myosin II inhibitor (blebbistatin; Sigma-Aldrich), caspase inhibitor ZVAD-FMK (EMD; Millipore), and 3-MA (Sigma-Aldrich).
of the H1 promoter of pSuper or pSuper-GFP. After sequencing verification, individual plasmids were electroporated into MDCK cells using Nucleofector (Lonza, Basel, Switzerland) to test KD efficiency by Western blot or immunofluorescence analysis. For Lgl1/2 double KD, equal amounts of pSuper-Lgl1 and pSuper-Lgl2 (1 μg each) were mixed and electroporated into MDCK cells. Cells were harvested 48 h later for analysis. The shRNA target sequence for Lgl1 is 5′-GGTGGCACTCTGCAAGTAC-3′; and for Lgl2 it is 5′-GATGAGAGTTTCACACTGC-3′.
Lentivirus-mediated stable KD and rescue pLV-mU6-EF1-GFP vector (Biosettia, San Diego, CA) was used for lentivirus-mediated stable KD of Par3 in MDCK cells, as previously described Hao et al., 2010) . Briefly, long oligos containing target sequences were cloned downstream of the U6 promoter in pLV-mU6-EF1-GFP to generate specific shRNA vectors. Once sequence-verified and KD efficiency-tested by transient transfection, the shRNA vectors were cotransfected with the lenti-packaging mix (Invitrogen) into HEK293 cells, and the pseudovirus-containing supernatant was collected 48 h posttransfection. Virus supernatant was used to infect MDCK cells cultured in 12-well plates. At 24 h after infection, the cells were passaged onto P-100 plates, and transduced clones (based on virus-mediated expression of GFP) were marked and isolated using cloning rings 1 wk later. The KD efficiency was analyzed by Western blot and immunostaining of Par3. Target sequences for Par3 were 5′-GGTCACACCTTCAGT-TCTTCG-3′ (Par3-KD1) and 5′-GGAACAAGCGAGGAATGATCC-3′ (Par3-KD2).
For rescue experiments, human Par3 cDNA, which is resistant to Par3-KD1 and Par3-KD2, was PCR-amplified and cloned in pK-HA3 vector. The HA3-Par3 cassette was cut out and cloned in pCDH-CMV-MCS-EF1-Puro, a lentivirus-mediated expression vector. Lentiviruses were produced as described above. Virus supernatant was used to infect selected Par3-KD1 or Par3-KD2 cells, respectively. Transduced cells were selected with puromycin (1 μg/ml), and individual puromycin-resistant cell lines were isolated. After Western blot analysis, cell lines that showed ectopic Par3 expression levels similar to endogenous Par3 were selected for the rescue experiments.
Western blotting and immunoprecipitation
Cells (4 × 10 6 ) were seeded on a 100-mm culture dish. Six hours later, cells were washed with cold phosphate-buffered saline (PBS) and collected in cell lysis buffer (25 mM HEPES, pH 7.4, 150 mM NaCl, 0.5% Triton X-100, 0.5 mM EDTA, 5 mM MgCl 2 , 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 10 μg/ml leupeptin, 20 μg/ml aprotinin, 10 μg/ml pepstatin, 10 mM NaF, 1 mM NaVO 3 ). Cell debris was removed by centrifugation at 14,000 rpm for 20 min at 4°C. SDS sample buffer was added to equal amounts of cell lysate, and proteins were separated by SDS-PAGE, transferred onto nitrocellulose membranes, and analyzed with the antibodies indicated in the text. Immunoprecipitation was performed as previously described (Du and Macara, 2004) . Briefly, control MDCK T23 or stable Tet-Off-inducible MDCK cells expressing Venus-Lgl2 were cultured in medium in the presence or absence of doxycycline. Each type of cell (1.2 × 10 7 per type) was seeded on three 100-mm culture dishes. Six hours later, cells were harvested and lysed in cell lysis buffer. Equal amounts of cleared cell lysate were incubated with 2 μg anti-Par6B antibody at 4°C for 1 h. Protein G agarose (Millipore), blocked with 5% bovine serum albumin (BSA; Sigma-Aldrich), was added, and the mixture was incubated for 45 min at 4°C. Immunoprecipitates were washed four times with cell lysis buffer and separated by SDS-PAGE.
Cell culture and stable cell lines MDCK cells were cultured in DMEM supplemented with 10% fetal bovine serum (FBS) and penicillin-streptomycin (100 IU/ml and 100 mg/ml, respectively) at 37°C in a humidified 5% CO 2 atmosphere.
Stable Tet-Off-inducible MDCK cell lines were generated as previously described (Du et al., 2001) . Briefly, an enhanced yellow fluorescent protein (Venus) was cloned into pTRE2Hyg vector (Clontech, Mountain View, CA). cDNAs encoding human Lgl2 or mouse-Lgl1 were inserted downstream of, and in-frame with, Venus, respectively. These plasmids were transfected into MDCK T23 cells, which express the tetracycline-repressible transactivator. Cells were passaged 24 h posttransfection onto P-100 plates in medium containing 200 μg/ml hygromycin B and 20 ng/ml doxycycline. After selection for 7-10 d, individual colonies were isolated using cloning rings (Thermo Fisher Scientific, Lafayette, CO), and the expression of Venus-fusion proteins was assessed by immunofluorescence microscopy and Western blotting after removal of doxycycline.
Cell-cell internalization assay
For adhesive paired analysis, monolayer cells were trypsinized and dissociated from culture dishes and resuspended in culture medium. Cells (1×10 5 ) were seeded in each well of a 24-well tissue culture plate (Corning Lifesciences, Tewksbury, MA) supplied with or without poly-l-lysine-coated coverglass (15-mm, round; Fisher). At different time points, cells were fixed and immunostained. For most paired analyses, cells were fixed at 6 h after seeding.
For the suspension assay, 1 × 10 5 cells were seeded in each well of a 24-well tissue culture plate (Corning Lifesciences) that was precoated with polyhema ( Figure 3D ). At indicated time points, cells were carefully transferred to another well that was supplied with a poly-l-lysine-coated coverglass, and immediately centrifuged in an accuSpin 3 (Fisher Scientific, Pittsburgh, PA) benchtop centrifuge on a plate holder. Cells on the coverglass were immediately fixed and analyzed.
Surface biotinylation
Cells that were seeded on poly-l-lysine-coated coverglass were washed with PBS + CaCl 2 (1.8 mM), incubated with biotin (0.5 mg/ ml in PBS + CaCl 2 ) for 10 min at 37°C, washed with PBS + CaCl 2 , and fixed with 4% paraformaldehyde (PFA). Fixed cells were stained with streptavidin-Alexa568 (Invitrogen) and Hoechst 33342.
TEM
Venus-Lgl2 cells were plated on tissue culture dishes for 12 h, washed in PBS, trypsinized, and harvested. The cell pellet was fixed in 2% glutaraldehyde in 0.1 M sodium cacodylate (NaCac) buffer (pH 7.4), postfixed in 2% osmium tetroxide in NaCac, stained en bloc with 2% uranyl acetate, dehydrated with a graded ethanol series, and embedded in epon-araldite resin. Thin sections were cut with a diamond knife on a Leica EM UC6 ultramicrotome (Leica Microsystems, Bannockburn, IL), collected on copper grids, and stained with uranyl acetate and lead citrate. Cells were observed in a JEM 1230 transmission electron microscope (JEOL USA, Peabody, MA) at 110 kV and imaged with an UltraScan 4000 charge-coupled device (CCD) camera and First Light Digital Camera Controller (Gatan, Pleasanton, CA).
Transient shRNA-mediated KD
pSuper-based vectors were used for the KD of Lgl1 and Lgl2 in MDCK cells, as previously described (Yamanaka et al., 2006) . Briefly, long oligos containing target sequences were cloned downstream Proteins were transferred to nitrocellulose membrane and detected using anti-Par3, anti-aPKC, and anti-Par6B antibodies.
Immunofluorescence microscopy MDCK cells grown on poly-l-lysine-coated coverglass were fixed with 4% paraformaldehyde in PBS and permeabilized with 0.5% Triton X-100 in PBS. Fixed cells were blocked with 10% normal goat serum/1% BSA in PBS for 1 h, and then incubated for 1 h with the primary antibodies. Cells were then washed and incubated for 1 h with DNA stain Hoechst 33342 and goat anti-mouse or anti-rabbit secondary antibodies coupled to Alexa Fluor 488 or Alexa Fluor 594 (Invitrogen). Epifluorescent images were taken on a Nikon TE2000 inverted microscope using a CFI PLAN FLUOR 60×/1.4 numerical aperture (N.A.) oil-immersion objective and MetaMorph software (Molecular Devices, Sunnyvale, CA). Confocal images were captured on a Zeiss 510 LSM confocal microscope using a Plan Apochromat 63×/1.4 N.A. oil-immersion objective (Carl Zeiss, Oberkochen, Germany) and analyzed using the LSM Image Examiner (Carl Zeiss) and Adobe Photoshop software (San Jose, CA).
Quantification of focal adhesions and phosphorylated MLC2
For quantification analysis, all images were taken using identical microscopic settings. For quantification of focal adhesions, 20 cells in each group were randomly selected to quantify the number and average size of focal adhesions using ImageJ software. A particle analysis was performed on images to select focal adhesions based on anti-paxillin staining, and the number and size of the particles were quantified. Similarly, ImageJ software was used to quantify the fluorescence intensities of cortical pMLC2 (S19) staining.
E-cadherin trypsin protection assay
Cells (4 × 10 6 ) were seeded on a 100-mm culture dish. Six hours later cells were treated with crystalline trypsin (0.05%wt/vol) in Hank's balanced salt solution (HBSS) in the presence of either 2 mM CaCl 2 or 2 mM ethylene glycol tetraacetic acid for 30 min at 37°C before adding HBSS-Ca 2+ -fetal bovine serum (FBS; 0.05%) to stop the action of trypsin. Cells were collected and lysed directly with 2X sample buffer. Equal volumes of samples were analyzed by SDS-PAGE, whiich was followed by Western blot analysis with an antibody directed against the ecto-domain of E-cadherin (DECMA-1). α-Tubulin was used as a sample loading control.
Live-cell, time-lapse analysis
Live-cell, time-lapse analyses were performed as previously described (Du and Macara, 2004) . Cells were grown on Delta T dishes (Bioptechs, Butler, PA) in F10 medium supplemented with 10% FBS and antibiotics. For visualizing nuclei, 2 μg/ml of Hoechst 33342 was added to the medium, and the cells were incubated for 5 min. After several washes, the dish was filled with F10 medium and sealed with a 40-mm coverslip. The dish was then placed in a temperature control system (Bioptechs) that maintained a temperature of 37°C. Time-lapse sequences were collected on a Nikon TE2000 microscope using a CFI Plan Fluor 40×/1.3 N.A. oil-immersion objective, a CoolSnap CCD camera, and MetaMorph software.
